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FOREWORD

The Professional Development Center is the primary source of young
civilian engineers and scientists for the Naval Air Systems Command.
At one point in their training program, they undertake an original Special
Project as part of the requirements for an accelerated promotion. Some
of the reports on these special projects have been both interesting and
informative, and deserve somewhat wider distribution. The results pre-
sented herein are not intended to reflect official US Navy policy, nor
necessarily even the views of the Naval Air Systems Command. The results
of the Special Project are presented herein because they are interesting,

and because they may constitute a small contribution to the literature.
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ABSTRACT

Non-combat aircrait accident statistics indicate that a direct
relationship exists between the number of accidents and accumulated
flight hours or similarly between the accident rate and accumulated
flight hours for each model of military airplane. This paper inves-
tigates the feasibility of relating accident rates directly to the

total number of past accidents.

Based on the pure birth process a method for predicting aircraft
accidents is presented. Application of this procedure to various test
cases shows interesting and useful results. One definite conclusion
that can be drawn is that with two or more years of flight and accident
data, future aircraft accident rates can be predicted with fairly

reliable accuracy.

Future studies based on these same procedures will delve into
further relationships that may exist between aircraft characteristics

and other relevant accident factors.
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INTRODUCTION

United States Navy and Air Force statistics of non-combat air-
craft accidents indicate that for each model aircraft some direct
relationship exists between total number of accidents and accumulated
flight hours or equivalently between accident rate and accumulated
flight hours. Many studies have been conducted in the past to discover
the nature of this relationship. The present study investigates the
possibility of relating accident rates directly to total number of past
accidents (instead of accumulated flight hours). The relationship
between accident rate and accumulated flight hours thereby appears only
as an indirect consequence of the relationship which exists between
accident rate and number of past accidents.

A specific method for predicting aircraft accidents is proposed
based on the pure birth process. A sample case is set-up and run to
demonstrate the usefulness of the theory and the computer programs.
Alternate approaches to the problem aré'presented for comparison and
evaluation purposes. The method used for a specific case may depend
on the trends demonstrated in the data.

All references in this report to aircraft accidents apply to non-

combat aircraft accidents unless otherwise stated.
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I. THE THEORY AND ASSUMPTIONS

The U. S. Naval Aviation Safety Center's statistics for aircraft
accidents are presented by quarters for the years 1954 to 1962 and
annually thereafter up to the present. For each reporting period, the .
number of flight hours or landings and cerresponding number of accidents
under various classifications (by aircraft model, lamage and injury
classes, fleet, etc.) are tabulated in the reports. The Safety Center's
reports have been undergoing continual improvements and expznded cover-
age over the years so that there are certain items found in later reports
that are missing in earlier reports. For purposes of this unclassified
report, it shall be assumed that the flight hours T' and number N' of
accldents of a specific aircraft model for a statistically significant

number m' of consecutive report periods can be extracted from the Safety

Center's reports and can be displayed as follows.

TABLE 1. Initial Data

Report Period Number of
Number Flight Hours Accidents
] )
1 T1 N1
]
2 7' N'
2 2
m' T' N
m m

The report periods are not necessarily of the same leng.h. This section
discusses the basic statistical model assumed in this report for the

analysis of such data.
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The cumulative number n' of accidents and flight hours t' are

defined for K = 0,1,2,...,m' by n; = 0, té = 0 and for 0 < XK < w’',

' . N 1 1
ny Nl + NZ + oo + Ny,

L. t 3} .o L) .
tK T1 + 12 + . + TK

When n' is plotted against t', the resulting points usually appear to
fall in a neighborhood of a continuous curve. (See Figure 1.) The
object of this study is to find a method of defining the underlying
curvz so that conclusions regarding accident rates may be derived from
it.

The method of analysis emploved in this report requires that for
each period j, j = 1,2,3,..., the number of accidents be positive,
Nj > 0, The data is therefore modified to eliminate any periods where
Nj' = 0 by the following rules. If the number of accideuts begins with

a string of zeros, N} = N} = ... = N; = 0, followed by N

]
k1 > 0, set

I+T'

' v
T1+T2+“'+TK K+1

as the flight hours for a combined first period with Né+1 accidents.

1f Nj' > 0 is followed by a string of zeros, N3+1 - Nj+2 =, .- N5+K =0

and N'
+

> 0, set
jHke1 0 5C

! o4 .o+ T
Tj+1 + Tj+2 J+K+1

as the flight hours for a combined period with N5+K+l accidents. If

N5 > 0 is followed by a string of zeros, N5+1 - N5+2 “,, .= N3+K = 0 and

N5+K is the last entry, disregard all data after period j.

iler
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FIGURE 1

INITIAL ACCUMULATED DATA GRAPH
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Since the U. S. Navy statistics on accident rates are given in
units of the number of accidents per 10,000 flying hours, the data must

be further modified so that the flight hours are reduced to units of

10,000 hours.

TABLE 2. Modified Data

Flight Hours Number of
Period x 10-% Accidents Rate
2 T, N2 N2/T2
m T, N N /Tm

Finally for K = 0, n, = 0 and t, = 0, and for 0 < K < m,

nK-N1+N2+...+NK,

tK-’fl +T2+... +TK.

The plot of ty versus ng (see Figure 2) looks like the original plot of

tk versus nk (Figure 1) except that points (ti, ns) which show no increase

of nk with time t3 have been eliminated and the accumulated time has

been altered by the factor 10",
Now that the problem to be investigated is set up, it is necessary
to explain the theory that applies to this type of situation.

A stochastic process is an indexed family of random variables Xt on

a probability space with index t ranging over a suitable parameter set T.
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FIGURE 2

MODIFIED ACCUMULATED DATA GRAPH
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The state space of the process is a set S in which possible values of
each Xt lie. 1In the particular case being dealt with in this report,
$ = {0,1,2,...} where the integers 0,1,2,... represent the accumulated
number of accidents, so the process i1s called integer valued or a dis-
crete state process. If T = [0,»), as in this problem, where t is

1 interpreted as accumulated time, then Xt is a continuous time process.
A sample function of a stochastic process {X., t € T} is an assignment,
to every t ¢ T, of a possible value of X;. Given the value of X, such
that the values of X5, s > t, do not depend on values of Xy, u < t, then
the stochastic process is Markovian. That is, a process is Markovian
if the probability of any particular future behavior of the process,
when its present state is known exactly, is not altered by additional

knowledge concerning its past behavior:

=Pr {a <X, <b | Xe, = xa !

where t1 <t <eect <t The function
L

cor Tafe N R CasA

P(x,s;t,A) = Pr {X; €A | Xg = x}, t>s

LN

e

is called the transition probability function. A Markov process has

stationary transition probability if P(s,x; t,A) is a function only of

t - s. For the special case where A 1s the one point set {j},
Pyq(t) = Pr{X(c+u)=j|X(u)=i}, 1,j=0,1,2,... :

is the transition probability function for t>0 and is independent of

u> 0,




One example of a continuous time, discrete state, Markov process is
the Poisson process. If the sample function X, counts the number of
times a specified event occurs during the time period from zero te t,
then each possible X, is represented as a nondecreasing step function.
The specified event occurs first at time t,, then at time t,, at time
ty, etc.; so the total number of occcurrences of this event increases
only in unit jumps, and Xy = 0.

The postulates relating to the Poisson process are:

(1) The number of events happening in two disjoint intervals
of time are independent. Suppose ty <t <ty o< ty, then increments
xtl - Xto, th - th,..., th - th_l are mutually independent random

variables.

(2) Random variableX¢0+t_xto depends oniy on t and not on tg or

on the value of X,.

(3) Probability of at least one event happening in a time

period of duration h is

p(h) = Pr{X(t+h) -X(t) = 1 | X(t) = x}

= \h + o(h), x> 0.

(4) Probability of two or more events happening in time h is
o(h). This excludes the probability of the simultaneous occurrence of
two or more events.

(5) X(0) = 0.

Using these five postulates it can be proven that X, has a Poisrson

distribution with parameter At for every t as shown by Karlin in A First

Course in Stochastic Processes (pp 14-16).




Let Pj(t) denote the probability that exactly j events occur in

time t,

Pj(t) = Pl' {Xt = j}' 1'0,1,2,-...
Postulate (4) can be written in the form

T Py(h) = o(h)
i=2

and clearly
p(h) = Pl(h) + Pz(h) + ...
Due to the assumption of independence in Postulate (1)

Po(t+h) = Po(t) Po(h)

= P, (t) (1-p(h))

and so

Py (t+h) - Py(t) p(h)
h = -Po(t) h .

On the basis of Postulate (3)

_Eéﬁl + A

Therefore probability P,(t) that the event has not happened during (0,t)

satisfies the differential equation

whose solution is

T R RN




The constant c is determined by the initial condition

Po(o) =1,
vhich implies that c=1. Thus

Po(t) = e"At,
Next calculate Pj (t) for all j

P, (t+h) = P ()P (h) + P, . (t)P. (h +%P (t)P, (h
By definition
Postulate (4) implies
Py (h) = p(h) + o(h)

and

h | ]
IR, ()P, (h) < I P,(h) = o(h)
qmg 31771 a2 1

since

Pk(") £ 1,

By rearrangement

Pj (t+h)-Pj (t) = Py(t)[P (h)-1] + Pyo1 (6P (h) + i'}t:sz_i(t)Pi(h)
" “Pj(t)P(h) + Pj-l(t)Pl(h) + i%zpj_i(t)Pi(h)
= *APj(t)h + XPj_l(t)h + o(h).

10
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Therefore

91§t+h)h- Pie) -APy(t) + APy (1),

resulting in
' " -
Byt (£) = =aRy(t) + ARy (v),
which is subject to the initial conditions

Pj (0) =0,

To solve this last differential equation substitute

Q4(t) = Py(t) elt,
into the differential equation Pj' (t).
Then

Q' (t) = AQy.y (0),

where

Qo(t) = 1

and the initial conditions

Qj(o) = 0,

Solving Qj'(t) recursively

Q' (t) = A or Q(t) =2t +¢ 8o Q;(t) = it,

22 2

Q,(t) = g +c 80 Q,(t) =

*
[
.

Qy(t) =

11

J - 0,1,2....

J =12, ...

j - 1,2.'!00

as h + 0,

j '1'2’ ees

j -1,2’ LA 4

XK
S S el

2
v
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Therefore

Jed
By(t) = A}%— e At

That is, for every t, X; follows a Poisson distribution with parameter .
At.

The pure birth process is a generalization of the Poisson process
in which the chance of an event occurring at a given instant of time
depends on the number of events that have already occurred.

A Markov process satisfying the following set of postulates is

termed a pure birth process as stated by Karlin in A First Course in

Stochastic Processes:

(1) Pr{X(t+h) ~X(t) = 1 | X(t) = k} = Achto; (h) (h>0+)
(2) Pr{X(c+h) -X(t) = 0 | X(t) = k} = 1-Aghtoy 4 (h)
(3) X(0) = 0

(4) Pr{X(t+h) -X(t) < 0 | X(t) = k} = 0, (k 2 0).

Define

Pj(t) = P{X(t) = j}.
A system of differential equations satisfied by Pn(t) fort >0

can be derived:

{ Po'(t) - —AOPO(t)’

|} o -
Pj (t) Aij(t) + Aj-lpj-l(t)’ jx1
with boundary conditions
PO(O) =1

12
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and

Pj(o) =0, j-> 0.

If h >0, j >1 and by use of the law of total probabilities, the Markov

property, and Postulate (4)

Py(t+h) = ; P, (t)Pr {X(t+h) = § | X(t) = k}
k=0

= I P (t)Pr {X(t+h) -X(t) = §~k | X(t) = k}
k=0

.. P(t) Pr {X(t+h) -X(t)= 3-k | X(t) = k}.
k=0

FOI‘ k b 0,1,2,.»0’ n"2

Pr {X(t+h) -X(t) = n~k | X(t) = k}
< Pr {X(t+h) -X(t) > 2 | X(t) = k}

= ol,k(h) + °2,k(h)

or
Pr {X(t+h) -X(t) = §~k | X(t) = k} = 03,4,k (M.
So
§-2
+ ol’j(h)] + kfo P, (t) 03’j,k(h)
or

Pj(t+h) -Pj(t) = Pj (t)[—)‘jh-ﬁ-oz'j (h)] + Pj-l(t)“j—lh

+ °l,j-1(h)] + Oj(h)

13
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where
1a 8®
hso B
n~2
uniformly in t 2 0 since on(h) is bounded by the finite sum I o4 j k(M)
k-o >

which does not depend on t.

P, (t+h) - P (t) - in Py (t)[-Aghto, ,(h)]
0 h h+0 h

h+0 h 0 h

= =AgPy(E) + A4 gy (2)

80

and

Solve this infinite set of differential equations with the initial con-

ditions by using thé integrating factor e~*3t for the set Aj >0
Po(t) = e~Aot,
Py(t) = Agmy €8 [T &M%y () ax, §=1,2,...

Stating the postulates of a pure birth process in terms of aircraft

accidents prSducea the following assumptions:

14 ;
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(1) Of the ng accidents occurring up to accumulated time ti,

the last one occurred exactly at time ty.
(2) The occurrence of accidents follows the pure birth pro-
cess with rate Ay, n = 0,1,2, ... . If Ph(t) denotes the probability

of exactly n accidents, n = 0,1,2,..., by accumulated time t, then

(1) P(t) = 4B (t) = -A P (¥)

(11) P,'(c) = 3‘:— Po(t) = <apP (t) + A ¢Pr1(t), n21

where

PO(O) =1

and

Pn(o) = 0, n

v
—
L ]

The time Ty between the n,_,th and mth accident has -expected valve

nkg-1 1
E(Tk) ] z T .
j-nk_l j

The plot of my versus tj (Figure 2) 1is approximately the functional
relationship between the expected value of ty (e(ty)) and ny (regression
of tyx on ny) where

e(tk) = e(T) + T, + ... + Ty)

- e(Tl) + e(Tz) + ...+ e(Tk)

n~-1 n,-1 ng-1

-z 71.-+ L Tl'+"'+ £ TL
=0 %y 3eny 7y R Ll
ng-1

= Z ———

j-o Aj .

15
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After examination of several plots of ng versus tk (= e(tg)) for air-

craft accident data, the functional relationship
Ap = a + yul, n=0,1,2,...

was chosen to express the relationship between n and Ank.

=y »

If a 20, vy >0, and 0 <y < 1, then « is the limiting rate; o + ¥y
is the initial rate; and u™ is the fractional part of y remaining after

the nth accident.
If y = 1, then

Ap =a + ¥y

=A’

A being a constant. This is the case where the number of accidents up
to accumulated flight tizc t has the Poisson distribution with parameter
At, and the accumulated flight time up to accident number n has the gamma

distribution.

If y > 0 and u > 1, the number of accidents as a function of t will
blow-up, i.e. there will be a positive probability that the number of

accidents will become infinite in finite time.

If a = 0, vy > 0, and u <1, the rate

- n
Ap = YU

will approach zero as a limit, but the number of accidents as a function

of t will be unbounded flogarithmic increase).

16




II. ESTIMATION OF THE ACCIDENT RATE PARAMETERS

For data such as that indicated in Table 2, when the accident rate

between the nth and n + lst accidents is taken to be of the form

Ap = @ + yun, n=90,1,2,...,

tke computations described in this section will result in a least squares
estimation of the unknown parameters a, y, and p. The choice of a quan~-
tity Q = Q(a,y,u) to be reduced to a minimum by the solution o, vy, and y

is motivated by the formula

nk~-1 1
e(Tg) = & :
J=nyy 3

discussed in section I, and a desire for a close fitting cumulative num-
ber of accidents versus cumulative fiight hours curve to the data points

of Figure 2.

The least square estimates of a, y, and p will be taken to be those

which minimize the quantity
m nkg-1l 1

Q=% I { & = -t}?
kel m0 M F

The minimizing o, y, and p are to be found by refining some initial
estimates ag, Yy» and Mo by Newton-Raphson iterations. Initial estimates

may be obtained by examining a ng versus observed accident rate Nk/Tk

17
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(see Table 2) scatter diagram. With approximate smooth values of the
accident rate for o - o, m, = some intermediate value, and ng = «

(assuming 1 < 1), solve for ay, vy, and Moe

The minimizing a, vy, and u for Q satisfy the equations

39 _3Q_23Q _,,

9a 9y 9y
On the other hand, for points (a, y, p) generally, in a neighborhood of
( Bys Yo» uo), the Taylor expansion of.%g about the point (ao, Yor uo)

is given by
2 92
g—g- (§§)0+(a-a»,) (g;g")o"'(Y"Yo) (rfg‘,r)o

32
+ (u - uo) (sagijo + higher order terms,

where ( )o denotes the value of the function enclosed within the

9 9
parentheses at the point (ao, Yoo uo). 3% and 5% have similar expan-
sions. (Formulas for all of the first and second order partial derivatives

of @ are found in an appendix). Setting the left side of each of the

3 ]
expansions to zero (since a point with %% = 5%'- 3%'- 0 is being sought),
dropping higher order terms, and rearranging what rem;in, lead to the

system of linear equations

32 32 32 3
(@ = ap)( 'a}?g Do+ & =ve '5&-37 Do + (n = ugd( R_g‘u)o - "(3% Do

- oy 2 vy e -y 2
i R A L o A L RIS PN
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- 32& + - 2—23 + - i?-g - - aj.
(- a (=L 4 (= 1=l g+ = ud (=g = =),

whose solution (al, Yy ul) should be an improved estimate of the point

vhere each of the first order partial derivatives of Q vanishes.

When the above computations are repeated with @iy Yy» and My Te-
placing Ups Ypo and o wherever they occur in the description, a third

approximation (az, Yo» "2) is obtained. The process can be continued

indefinitely. The sequence of appruximations (ay, vy, uy) for i=0,1,2,...,

converges to some (a, ¥y, 7) which satisfies the equations
.-a_g -.a.g. -.?Rno'
d9a 9y Ju
provided the initial approximation (ajy, y4,uy) 18 sufficiently close to

@ v, W.

In the computer program written for the above computations, the
system of linear equations is considered to be in the variables (a - ay),
(y - Y4), and (u = uy) (for the ith iteration where ( )i replaces ( )o
for the coefficients of the equations) and the system is solved by
Cramer's method. Then aj, vy , and py are added to the solutions to
obtain Og41° Yi41® and lj,q- The partial derivatives of Q vanish at
extermals other than (local) minima. To insure a correct solution set,
the program prints out a4, Y4, Hi» and Q; after each iteration for the
programmer's inspection. 1f ay41, Y441, ¥i4] yYield a Q441 < Qi, the
program continues to iteration 1+2. If Q443 > Q¢, Or Q4471 = Q4 = Qi—l,

then a = a4, vy = vy, 4 = uy are taken as the solutions. However, if

19
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Q; > Qp, i.e. an increase in Q results on the first refinement of (ao,
Yoo uo), au error message is printed out and computations are halted.
In this case new trial values for ag, vg, Mg must be entered. Solutions

are obtained in about 6 iteratioms.

After a, vy, and u have been found, the computer program proceeds
to compute and print out the expected cumulative flight hours to accident

number n,

n-1 1
E(tn) = z -
=0 lj

and the accident rate
Ap = a+ yu"

for n = ny, 2n,, 3n,, .....(n0 is an input to the program which is chosen
to be 10 in the sample case.) Plots of n versus e(tp) and A, versus e(ty)
should be made and the data points of Table 2 should be superimposed on

the plots as a check.

20
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III. APPLICATIONS AND EXTENSIONS OF THE THEORY

The method of analysis that has been presented in this report
could be used to evaluate a wide variety of data that relates, or
appears to relate, to aircraft accidents. In each case, cumulative
flight hours (time) would be used as the independent variable. Various

sets of graphs can be compared for indications of trend.

A point of departure for a first analysis of a set of accident data
can be the cumulative number of aircraft damaged. The graphs of this
preliminary phase for several different models of aircraft may indicate
other types of evaluation and comparison that should be conducted. For
example, various models of fighter (or bomber or cargo) type aircraft
may be compared to see which models have lower accident rates. The
conclusions that are drawn from this examination may lead to the scruti-
nization of still more specific aircraft characteristics, such as single
engine versus twin engine, afterburner or no afterburner, and aircraft

weight.

The initial sets of data can be broken down into the five aircraft
damage classifications as specified in the '"Navy Aircraft Accident,
Incident, and Ground Accident Reporting Procedure" (OPNAV Inst. 3750.6F
of 15 March 1967):

(1) ALFA, alfa damage (destruction or loss)
(2) CHARLIE, substantial damage

(3) DELTA, minor damage

(4) ECHO, limited damage

(5) FOXTROT, no damage .

21
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These cases may point out something about the nature of accidents in
which a particular model becomes involved. For instance, it may be
indicated that an aircraft is highly prone to accidents resulting in
limited damage (ECHO). This result, in turn, may warrant the inspection
of the phase of operation in which the accidents happen. Phases of
operation could be classified in the following manner:

(1) Static (engines running), incident to flight

(2) Taxiing, incident to flight

(3) Takeoff

(4) Inflight

(5) Landing

(6) Waveoff (go-round)

(7) Nonflight.

For use by the Navy, it may be of particular value to look at the
statistics relating to embarked and disembarked aircraft. These
statistics could then be broken down into questions about such matters
as the type and size ol the carrier and the length of time that the
carrier has been deployed. An increase in accidents as the time deployed
increases may indicate an increase in the operating rate and commitments,
over-confidence on the part of pilots and crew, fatigue, and anticipa-
tion of the approaching rest and recreation, all of which could be
termed unmeasurable factors, Carrier based causes which could be checked
might include differences in the methods of carrier operations; carrier
operations personnel, such as LSO (landing signal officer), training

experience and rating; pitching of the carrier deck; and CVA.

22
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The number of years an aircraft has been in service and the length
of time since major overhaul could present some interesting graphs.
These could bring into play statistics about material failure, malfunc-
tion, quality control, and maintenance procedures. Also, effects of
the use of special equipment, machinery, and aircraft support equipment

utilized on the aircraft and the ground base may be worth noting.

Other flight related variables that could be considered are the
time of day or night of the flight; season of the year; weather condi-
tions including wind, sea state, cloud coverage, ceiling visibility,
temperature, and dew point; length of time in flight; and flight altitude

and airspeed at the time of the accident.

The pilot being such an important variable in flying may justify
comparison of data based on facts like total pilot time, years of
military flying, pilot rank, pilot time in the specific aircraft types,
pilot time in the last three months, and night pilot time in the last

three months.

Another class of accidents that occurs involving aircraft (not
incident to flight) is ground accidents with non-aircraft vehicles.
Areas for study in this situation might include causes like improper
action by the operator, mechanical failure of equipment, improper
operator action accompanied by mechanical failure, unforeseen occur-

rence, and personnel other than the equipment operator,

By plotting several related nurves using accumulated aircraft hours

as the axis of abscissa will, hopefully, reveal some relationships
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between people and other aircraft accident factors. These results may
then be used in decisions about matters such as aircraft selection, size
of aircraft inventory, airframe spares procurement, pilot selection, and

carrier operation ffiethods.
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IV. ALTERNATE APPROACHED TO TBE PROBLEM

The analysis of aircraft accident information is of great and
immediate importance to the U. $. Navy, as well as the U, S. Air
Force. Studies are constantly being conducted to find ways tc evaluate
the available data in order to come to conclusions and decisions con-

cerning non-combat aircraft accidents.

Some of the studies and evaluations conducted ar: discussed here
to show other approaches that have been used in the analysis of aircraft

accident data.

The use of plots of cumulative accidents as they occurred in time
in aircraft accident analysis is well known. If the curve for the given
values closely approximates a straight line, the accident rate is con-
stant (see Figure 3). When the accident rate is a constant, i.e., the

hazard function given by:

f£(t)
h(t) = %)

is constant, say h(t) = X, then
£(t) = h(t) [1 - F(t)]
= h(t)exp[ - I: h(t) dt].
Denote the slope of the graph by A, so the density function becomas
f(t) = rexp[- fg adt]
= Aexp{~ [At]g }
= Jexp(-At).
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FIGURE 3

CUMULATIVE ACCIDENTS AS THEY OCCURRED IN TIME
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f(t) represents the exponential probability function where X is the rate

of accident occurrence.and 1/i is the mean time to occurrence.

The maximum likelihood estimator for the sample occurrence rate
is normally distributed about the true rate, since the distribution of

the sample mean is asymptotically normal as the sample size approaches

infinity. A confidence interval about the true mean is needed since

the true variance is not known. Using

¢ =Y Q=)
S

where t is distributed with (n~1) degrees of freedom, A 1s the sample

mean, S is the sample standard deviation, A is the true accident rate,

and n is the number of accidents, then
i* ":a/Z'S
/n-1

gives a (1-a) confidence interval for the true aircraft accident rate ),

Another method of attacking the accident prediction problem in-
volves the systematic investigation and evaluation of statistical infor~

mation in order to derive a vingle equation {or perhaps a set of equatioas)

which can be used to estimate aircraft attri:ic:.

This is the process used by T.E. Anger in The Estimation of

Peacetime Aircraft Attrition, a Center for Naval Analyses research

contribution. The variables Mr. Anger felt affected total attrition of
forces of aircraft included:

(1) Total flying hours of aircraft force

27

JREPOVR SRUNVEC NGRS

et

g

Sl

ot e e MRl 2 L St



(2) Proportion of total flying done from carriers
(3) Empty weight
(4) Maximum speed

(5) Number of engines.

From the results of statistical measures, the variables listed above
are incorporated into an attrition-estimating equation (the actual

equation is classified).

W.E. Mooz assumes that the cumulative number of aircraft destroyed
is a function of the cumulative number of flying hours (dependent varia-

ble) in his Rand Corporation Memorandum Relationships for Estimating

Peacetime Aircraft Attrition. This function appears as a reasonably

straight line on log-log paper, and therefore demonstrates that the
cumulative number of aircraft destroyed is a decreasing exponential func-
tion of the flying activity of the aircraft. Mooz states this is

"evidence that the attrition pattern of a given type and model of air-

craft was subject to an orderly learning process which continues through-
out its flying life". The exponential function y=axP is used to approximate

the accident curve.

Accovding to this study conducted by Rand, the quarterly attrition
rate is not as useful a variable as many people think. Quarterly attri-
tion rates do not involve equal flying times, and the number of hours
flown varies for the different models. Since flying programs differ,
there can be no true comparison between quarterly attrition rates, and

also attrition does vary over the flying life of the aircraft. To
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summarize, Mooz says that "attrition rate is awkward from a statistical

standpoint”.

A general conclusion is made by A. J. Gross and Milton Kamins in

Reliability Assessment in the Presence of Reliability Growth. They show

that there is no evidence that would lead to the generalization that the
age of any fighter should result in any increase in accident rates, pro-

vided normal preventive maint: .ace and product improvement are continued.

Three statistical examinations of accident and attrition data for

jet fighters is presented and compared by Milton Kamins in Jet Fighter

Accident/Attrition Rates in Peacetime: An Application of Reliability

Growth Modelling. In the first model, the reliability, Ry, at any

stage k of the process is given by

Rk = Rw -

=in

where R 1is the ultimate reliability and c is the total amount of relia-

bility growth that can be achieved from stage 1 to stage infinity (i.e.,

R~ Ry). Accident rate (unreliability) can be treated as the complement
of accident reliability which is very close to 1.0. Accident rate, F,

is expressed as events per hundred thousand flying hours c¢r hundred

thousands landings.

l-Fk-l—Fm-ﬁ-

where

c=F ~-F
1

oo
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Let F + 0
- ]
log Fe = log c - log k
and
c-Fl'
Therefore

log Fy = log Fy ~ log k.

Maximum likelihood estimates are then developed for the parameters F
and ¢ in this hyperbolic model of reliability growth. For cases eval-
ulated by this model, landings rather than flying hours are used as a
measure of exposure, since they appear to be a better indicator of risk.
Where material failure is a contributing cause to accidents, the accident
rate seems to be a function of the number of years in service. 1In order
to cause the model to appear as a straight line, the independent variable
is the reciprocal of the number of years in service (see Figures 4A and
4B)., With this type of graph, comparisons can easily be made between
aircraft which involve carry-over technology and experience. Comparison
of these figures A and B show that even though the ultimate accident
rate, F_, is near zero for both aircraft, it is sufficiently higher in

B than in A to cause the curves to cross at about the 8-year point,

Thus it is shown that even though there is improvement with calendar
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FIGURE 4A

AIRCRAFT ACCIDENTS AS A FUNCTION OF THE NUMBER OF YEARS IN SERVICE
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FIGURE 4B

AIRCRAFT ACCIDENTS AS A FUNCTION OF THE NUMBER OF YEARS IN SERVICE
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time, the second aircraft becomes more prone to material failure accidents.
Other comparisons can be made to indicate material reliability, such as
the fraction of all accidents in which material failure is a factor by
years. The same graphs and evaluations can also be made for all causes

of accidents.

The second model of reliability growth examined is the (negative)
exponential model in which the reliability Ry at stage k of a develop~-

ment process can be expressed as:

Rk =] - ue-sk

a represents the total amount of growth that can be achieved from stage

zero to stage infinity, and B is a measure of the rate of growth.

A third model, called a learning curve, states that the total
number of accidents (or losses) Lx depends on the total usage x (flying

hours or landings).
Ly = AxB

where A is the rigk for the first flying hour or landing, and B is the
complement of the rate of learning. The parameters are estimated by a

weighted least-squares technique.

Kamins' three models are compared on the basis of a chi-square good-
ness of fit test of the observed data by year against the predictions
of each model with parameters estimated from the data. Results of the

evaluatlons and comparisons of the three models show that the hyperbolic
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model of reliability growth is preferable for three reasons. It seems
to represent trends more accurately, is easier to use, and useful con-
fidence limits for past experience or future projections of accident or

attrition rates can be calculated.

John M. Cozzolino deals with the infant mortality effect of statis-

tical reliability theory in a paper titled Probabilistic Models of

Decreasing Failure Rate Processes. Infant mortality implies a decrease

of the conditional probability of failure of a device with increases in
age. Cozzolino compares his four models of decreasing failure rate pro-
cesses based upon the population heterogeneity hypothesis and incorporating

explicit repair assumptions (see Table 3).

The various models presented could be used in predicting different
aspects of aircraft accidents. For instance, the component variability
model could be used in predicting the aircraft accidents which will re-

sult in total destruction (non-repairable).

All the methods and models that have been described have some
theoretical application to the case of aircraft accident prediction.
Each has its advantages and disadvantages, so it is necessary to choose
a method (or methods) that most accurately fits the situation being

evaluated.
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V. COMPUTER PROGRAMS

The following are listings of the two programs used in this

analysis.

The first program finds a linear solution to a set of equations
by Cramer's Rule. The second program modifies the input data, mini-

mizes Q, and determines the parameters a, y, and u.
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LINZAR PROCRAIY LISTING

SUSROUTINT LINMEAR
CONoI A(3,4),5(3)
. ILERSTON B(3,4),DET(Y)

DO 10 1=1,3
DO 174 J=1,4

18 5{l,d) = AC1,J)
DC 60 =1,
LO 20 1=1,3

20 B(1,M) (
l
J
K
R L
NDET(1)
D0 55 L
DET(!)
JJd =
IF (R) 3¢,30,6)

30 I
K = JdJ
GO TO 5¢

LSV !
! JJ

50 R X

DO 6O 1=1,3

nn i

,
’
ACL L)

nnnan

O

1

o B R &Y

C
ETCD+R*B(1, 1) %02, d)»0(3, k)

—

B

nnn

6F BCI,I) = ALY,

NO 79 1=1,3 J
7€ SCL) = DETCI)/DET(L)

RETUR!:

END

4wl viinaila o TFLe

ETEAPR RN " ¥ 2
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HALE PROCRAN LISTINN

COIt10MN QAA,DQAG, DCALL, OAG, OGG, DO, CALY, CGEH, OI, SA, SG, Sit, ALA, GALL, U
DIHENSION ACT(L{(),CnC1p0),CTCLIE) ,EQLUS) ,EACLIDN) ,EAACLLL),
1EAG(100), EAMC1E) ,EG(160) ,EGG(1CH) ,EGICLED) , EGNL (165 ), EGII2(1(]),
ZEM(lﬂﬂ),Eﬂﬂ(lﬁﬂ),ﬁ””l(lﬁﬁ),Eﬂ12(10U),RATE(ICG),T(lﬂﬁ),TI(1?5)
REAL I1ACT, ILAL, JIW,dIU2,J140100,d21102, LAC, LAJ, LAJ2, LAJS, LAN(TE(),
1LAO, LIC,NC, B, 1d2,00,00, 181, 001680, 11 (1ee)
DO LGL HNCASE=1,4
URITE (G,11) NCASE
10 FORMAT (/777,320 ,51'CASE ,11)
TENG = 1Y, *x(-4)
READ (5,211) IN
210 FORMAT (10)
I =1
TT = ¢,
DO 9f J=1,1M
READ (5,30) T(J),H(J)
3 FORMAT (2F14.¢)
TI(J) = T(J)
HI(J) = H(J)
IF (nCJy)) ug,7¢,80
Wi URITE (6,50)
50 FORMAT (/,281 N(K) SHOULD MOT SE NERATIVE)
URITE (G,060) K,I(K)
GC FORMAT (1(X,nHK = ,16,4Y,7HN(K) = ,FG.0)
GO TC &uG(
70 TT = TT+T(J)

e VTR

GO TC 90 !

80 TC1) = (TT+T(J))*TENY

§ NCE) = 11(J)
{ RATE(1) = HC1)/TC1)
! I = |+1

: TT = ¢,

9¢ CONTIMNUE

‘ M= 1-1

; CT(1) = T(1)

‘ CN(1) = (1)

DO 176 1=2,H1
: CT(1) = CT(I-1)+T(1)
160 CNCI) = CHCE=1)+N(1)
URITE (G,105) :
L05 FORMAT (//,10X,1011HIPUT DATA,17%,25HMODIFIED CUNULATIVE [NPUT,
15H DATA)
WRITE (6,110)
L10 FORMAT (/,uX,GHNUMBER, 8%, SHATRCRAFT, 8X, GHNUMBER, 5X, 9AIRCRAFT ,
15HHOURS, kX, SHACCIDENT)
VRITE (6,115)
L15 FORMAT (1311 OF ACCIDENTS,7X,51HOURS, 6%, 12HOF ACCIDENTS,LX,
110HX 1(#**(-1),8%, UHRATE)
po 120 I1=1,M
(20 WRITE (G,130) MIC1),THC1),CHCLY,CTC)),RATE(T)
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1355 FOPNAT (3X,FG.h,7X,F9.C,3X,FC.ﬂ,SK,FQ.h,SX,FQ.u) ¥ ?
F (1=2t) 137,137,133 2

[
e
N

1= el

DC 135 1=,

135 URITE (6,13%) L), TIC)

137 IF (1'=3) 147,165,164

16 URITE (6,15:) It

150 FORBAT (/7,301 MODIFICD 11PUT DATA LAS OLLY , 11,

1200 PERICDS ULHCI 1S LEST TIAP 2)
GO TO uGo &
100 URITE (G,170) 3
17¢ FORBAT (/,52!1 1:PUT INITIAL AID FIUAL RATES AND INTERNEDIATE RAT &
1150 AND CUBULATIVE) %

N L

LA

URITE (6,17%)
175 FORI'AT (291" ACCIDEI'TS US| FORI'AT 4F5.1)
READ (0,127) LAN,ALD, LAC,CHA
13¢ FORMAT (4F5,1)
GAQ = LAN=-ALR
”C = (LAC,"AL”)/{"AO
LI = ALen(nic) /oA
1o = EXP(LIC) §
VRITE (6,2:11) {
2000 FORMAT (//,211%, 251 SUCCESSTVF APPROXIVATIONS) ‘
1
t

‘{?,g‘(ﬂﬁmﬁ YN
%

¢ VRITE (6,211)
. 216 FOPIAT (7,50, SUALPIA, 1EX, BUGAIIIA, 11X, o, 12X, 11O )
i 224 LEND = {f
Q JPASS = (f
& ALL = ¢,
& Al = 03,
£ "1 = g, 1
C = 992969999, 4’0
X 230 Q1 = @
(i DO 26f K=1,rn 1'%
i J = -1 % :
£ ECK) = 0oy,
. b O
¢ EACK) = §. CI
¥ EG(K) = ¢, 23
g ENCK) = ¢,
. EAA(K) = (f,
by EGG(K) = 0,
| S EMMIC(K) = ¢,
g ! EMM2CK) = .
] EAG(K) = (1,
¥ [ FAM(K) = ¢,
R ¢ | EGHI(K) = ¢,
? ’ EGH2(K) = 1,
1 240 J = J+1

MJ = MQwxxy

T S M2 = MU

Lo JHY = gty

f' 39
%:;




JI2 = J*ildl

J2IW2 = JediJ2
1 - . 1
A3 S AL e NCT REPRODUCIBLE
LAY = LAJ*LAY
LAJE = LAJ+LAJ2
EACK) EACIR)+1./LAJ2

fvp]
—~
iR
~
"o

CO(K)+J/ LAY
EN(R)+Jid/ LAage

Iy}
e
~
=
~
i}

i

EANCL = :\A(")"'l /L’Q\J’

EGC%L = E”P(|)+td°/LAJ)

DALY = BRI +J202/ LAS

ERB2() = ENN2(RY+Jd1grd/LAd2
' CARCR) = TAG(R)+1'J/ LS

CALCR) = EAN(R)+JIW /LAY

CANL() = ENLLI(R)+Jdd2/LAJS

COUZ() = EQr2(10)+di!/LAJ2

IF (J=CH{I)+1) 241,250,240
250 E(K) = F(R)=-CT(K)

FACK) = =EAQKY)
reer) = ~e6(K)
FIIY = (=aAn/twe g 0000
FAACK) = 2 %FEAAM(E)
Ere(l) = 2 ,xEG0(10D)
(i) = ((2,xCA0«GAN0)/(HO*10) Y *EMI(I) =(NAQ/ (NC*1'0) )« €N 2(K)
EAC(Y) = 2,=TAC(ID
FANCE) = ((2.%0AC)/N0) *TANCK)
ZO0 FEI() = ((2.+0A0)/NOY*EGHI(R)=(1, /10y »Ton2t
0 =9,
oA = (),
Q(‘lzf‘..
Ny o=t
QAR = 0.
neG = 41,
onty = ¢,
CAG = 1[I,
NANY = (i,
oGl = ¢

No 2.7 .=1,I!
0= 04E(I)*T (1)

QA = C/\"’r(“)"[/\(l:)
CO = QR+TOIY*EO(I)
Qi o= Oh+r(!)*!r(i)

OAN = CAA+TACK) *FA (I +1 CR) # CAA(K)

CGH = OGML+DCCEY*FCCO)+F (I *EGRIR)
GO = QPN RICOY =TI + T« FMDICR)
CAn = DPP+FA(”‘*EF(H)+E(K}*EAG(K)
CAL = QANREA ) *E '!>+r(:)*rA.(|)

275 00h OGHAECCH) « M) +F (R *EGH(K

40




R WA AT S G s AR T e Ry

- e

N = 0.5+C

ITFED = 1PN+l

LRITE (G,280) ALC,CAC,IC,C
FORMAT (EF25.0)

Ir (c=-01) 334,290,350
JPASS = JPASS+]

1T (ATSCALYI=ALC)+APS(PAL=AAC) +ATS(11=-1"N)) 300,310,305

IT (JPASS=3) 3h{,318, 3610
IE (ITPr=3) 320,300,350
ALC = ALO+TENL

CAC = CAD+TENL

"= pe=ToN,

re Te 20f

330 JPASS = )

30 FA = =CA
sr = =0f
sho= =0
DC,’Q\C = [AC
NCAN = DAY
peen = OCL
cALL LipveAn
ALl = ALC
"Al = GAC
11 = e
ALC = *LO+ALY
CAC = CAC+CAL

30y
S6(

370

Y

K (\('

w

Ly

He o= e

re 10 23

IT (CIERD=2) 56V, hhe, 304
ALN = AL2

A = NA]

o= N1

LAY = pLA+CAM

PACT = 1, /01LAN

Bho= er{p)+10,

¥ =1

[ = 1f

Ne30f =D, e

LAY = ALA+CAIS*PI' %2 (J=1)
1APT = FACT+Y /LAY

IF (J-L) 3er0,370,30¢0
LARC(E) = LAY
ACT(V) = IAPT

" = K41
L= L+1¢
cerTIur

VTP (C,3201)

FORMAT (//,192,111'00TPUT DATA,/)
VETTE (G, 000) ALA,CAL, 1Y

FOREPAT (S10 ALPITA = ,T10.0,2X,81CA1A

41
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4&36
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= ,I"12.,8,2%,54
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h1g
412
415

424
43p
Lyg
45¢
LGe
h7¢

/DATA

WRITF (6,410)

FORPAT (/,11%, 1C61CURULATIVE)

VRITF (€,412)

FORPAT (4, CUNMUMEFR, 8%, ILEAIRCPATT VOURS, WX, CUARCINTNT)
URITE (6,h15)

FOPUAT (131" OF ACCIDFETS, 7Y%, 101X 1%« (=4),8X,41'PATF)
K = F-1
L =1p

DC 430 J=1,¥K

WVRITF (G,4200) LACT(S), LAIN(Y)

FCRDAT (2X,16,12),T9,4,5%,F0,1)

L = L+1p

GO TC LGy

VRITE (G,45¢(0)

FORVAT (/,ulll TRY ANCTI'ER HETEOR FOR OPTAINILC IPITIAL VALUFS)
CeLTIMNUF

STCP

Frn
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VI. SAMPLE TEST CASES

Since Navy accident data is classified, it has been necessary to

set-up sample statistical information that will serve as a set of rep-

resentative cases.

Included in this section are a listing of the accident data used,

the computer print out for the four sample cases, and the graphs that

relate to each case.
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TEST CASE DATA
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2545,
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7384,
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14063,
14890,
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16480,

17176,

19668,

2(.679.

13€86.
. -17316,
1991¢.
20983,
39898,
42¢1¢G,
43122,
b93G6h,
52673,
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36686,
42611,
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CASF 1 e ;R@RODU' -
CIBLp
TEPUT DATA HOPIELFD CUNULATIVE [HFPUT DATA
HULPFDR AIPCRAFT PMUMPFR AIPCBAFT POURS ACCIDRFNT
Cr ACCIDELTS jouns Of ACTIRFLTS N oilfexe(=L) RATE
N L. R L, £.1€93 23,6267
L, 1693, 9. p.423C 19,CL6H
5e 2545, 12, g.774¢ 8.547¢
3. 3510, 15, 1,219 6.,8792
3. L3CL, 19, 1,731k 7.6849
h, 5265, 2h, 2.3804 7.7042
5. 6hat, 30, 3.10C3 7.4451
c. £Lso, 35, 4,2169 4,851%
5. 103¢C, 39. h,95L4G 5.0201
L. 7334, h, G.3804 3.5075
5. 14255, 51. 7.76C7 h,877C
7. 16603, e, 9,27¢%7 h,7011
7. 15891, 63, 16,9013 3.0758
5. 16256, 6%, 12,5113 3.048¢8
5. 1G6h, 7h, 14,2507 2.4937
C. 1717¢, 79. 1€.2255% 2,5422
5 19CCE, £5, 13,2934 2.9015
6. 20676, 91. 26.162¢ 3.211¢4
G. 15606, 99, 21.3893¢C 4,62¢0
S, 17316, 145, 23,8840 3.f13¢C
C. 190149, 115, 25,982¢ L,70%8
10, 20983, 127. 25,872C 3.0077
12, 39898, 139, 34,1742 2.85C1
12, L2016, 148, 38,4504 2.4871
9. 43122, 163, B3.422% 3.0387
15. 49364, 174, 47,6901 2.57717
11. L2G73, 185, 52,4078 2.5477
11, W3177. 191, 55.07¢64 1,6355
G, 3668G, 201, 59.9037% 2.3468
10, 42611, 249, 63,8697 2,0345
8. 30322, 223, 67.4432 3.9177
14, 35735,

FHPUT IMITIAL AMD FIMAL RATFS AMD [NTEREFRIATF RATF AMD CUMULATIVE
* ACCIDFNTS USING FORDAT 4F5,1

N.0077 FMTFR DATA.

11.5 2.6 3.0 1pL.p
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9. 5000705
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OUTPUT DATA
ALPHA = 2,1722888 CANIA =
CULULATYIVE
HUnReR AIREDATT 'OURS
OF ACCIDRFETS X 1Gex(=4)
14 1.2581
VAN r.casn
36 3018
Wg 6.1496C
56 $.1191
Gf 14,3360
7¢ 12.7587
of 15.3881
QC 18,2101
150 21,2400
119 2, 4008
12¢ 27.818
136 31,3482
186 38,0198
15¢ 36,0177
1G¢ 22,7291
171 he, 7602
106 51,0388
19¢( 55,0125
20 59.2519
210 63,5475
22¢( 67.5911
230 72,2755
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RATF
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h,3301
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3.0uC2
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2.,h677
2.418¢
2,3781
2.300¢
2,315¢C
2,2919
2,2721
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Nop
CASE 2 R@'RODUQ

IMPUT DATA MCPIFIFN CUMULATIVE [MPUT DATA :
MUPRFR AIRCRAFT HUNPFR AIRCRAET HOURS  ACCIDENT B
OF ACCIDFNTS OURS OF ACCINENTS X 10##(~k) RATE
6. 0. 2. £.1695 11,8134
2. 1693. 5, p.h238 11,7878
3. 2545, 6. (-, 7748 2,8490
1. 351¢0. 7. 1.2109 2,2931
1. 1361, 9, 1,7314 3,8425
2. 5205, 12. 2,380 4.6225
3, 6490, 15, 3,1863 3,7225
3, 8059, 17. 4.2169 1,9406
2. 10306, 2. I, 0549 4, 0G50
3. 7380, 22, 6,380 1.4030
2, 14255, 25, 7.78C7 2,1333
3, 1463, 29, 09,2757 2.686h
i, 14890, 2, 10,9013 1,8455
3. 1625€. 34, 12,5413 1,2195
2. 16440, 3L, 14,2587 2,3291
L, 17174, h2, 16,2255 2,£338
L, 19668, Ws, 15,2934 1.4507
3, 20679, 49, 20,1620 2,146
b, 12686, 55, 21,2936 3,4650
6. 17316, 58, 23,8840 1.506¢
3. 19910, 63, 25,0028 2,3829
5, 20983, 71. 29,9726 2.0£51
8. 39898, 78, 34,1742 1.666(
7. 12016, 86, 38,4864 1.8552
g, 43122, g, 43,4228 1,6206
g. 19364, 104, 47,6901 2.3430
10, 42673, 111, 52,078 1.6212
7. 43177, 116, 55,6764 1.3629
5. 36686, 123, 59,9375 1.6428
7. 42611, 129, 63.2697 1.5259
6. 39322, 138, 67,4432 2,5185
g, 35735,
INPUT IMITIAL AND FIMAL RATES AND INTERMEDIATE RATE AND CUNULATIVE
* AGCINENTS USING FORMAT 4F5,1

M.0077 ENTER DATA.
4.5 1.5 2.¢ 50.¢
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" ALPIHA GAMDIA
1.50000000 3.00000000
1.58477497 2.00770378
1.59876156 1.956720812
3.484C4584 §.59255791

OUTPUT DATA
ALPHA =  1,5927615C OGANIA =
CUMULATIVF
HUNMPER AIRCRAFT 11OURS
OF ACCINENTS X 1fwx(~l)

10 3.£158

20 6.4653

30 1¢.3365

bo 14,6026

50 19,2256

6 24,161

70 29,3638

3¢ 34,7879

90 50,3929
100 46,1432
119 52,0084
12¢ 57.963%
13¢ 63.9093
140 7¢ . ¢eag

3

SUCECFSSIVE APPROXIMATIONS

ny
#.96479928
0.97043335
01.97252291
$.83009184

1,08G672¢12

ACCIDENT
RATE
3.1137
2.7453
2,406%
2,25585
2,£958
1,9749
1,8835
1.8142
1,7C18
1.7222
1.6922
1.6695
1.6523
1.6393
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CASF 3

IMPUT DATA FOMIFITD CUNULATIVE I1MPUT DATA

ACCIDENT B

MUNRER AIRCRAFT BUnRER AIRCRAFT HOURS
- OF AGCIDFNTS HOURS OF ACPIDFMTS X 1few(~b) RATE
1. G4, 1. £ E00h 156,2501
g, 3. 3. 0.6197 158.3760
2, 139, 14, B.0531 2019, 5809
7. 331, 14, §.1212 55,7372
. 621, 18, 0.3039 21,5938
. 1527, 19, 4012 10.2775
1. 973, 20, £.4731 13.9(82
1. 719, 23, 0.6161 2/, 979¢!
3, . . . 2275
2 1515; 1} 15483 17:381>
3. 1726, 32, 1.19(¢ 15,9363
4. 2510, 36, 1.5199 12,1581
4, 329, L, 1.8620 12,4185
4, 3221, ul, 2.0667 17,8015
4, 2217, L8, 2.3435 14,4509
. 2768, 53, 2.6890 14,771p
5, 3385, s, 3.1017 11,9133
5. 4197, 63, 35007 12,5313
5. 3990, 70, 53,9516 15,5245
7. 4503, 75. h,502¢ 9,0711
5. 5512, 88, 5,4196 14,1798
13, 9168, 99, 6.2872 12,6787
11, 8676, 111, 7.3157 11,6675
12, 10285, 117, 8,565 4,800
6. 12499, 132, 9,6971" 13,2567
15, 11315, 1u4, 10.9242 9.7792
12, 12271, 157, 12,4330 8.6161
13, 15038, 164, 13,1199 4,3674
3. 6869, 167, 13,4991 18,4599
7. 3792, 178, 14,2074 15,5301
11, 7083,
. 5482,

»

{HPUT INITIAL AND FINAL RATES AND
FORMAT 4F5,1

ACCIDENTS USINR

M, 0077 ENTFR DATA,
h2.p 10.0 12,5 60.¢
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FHTERMFDIATE RATE AND CUMULATIVE




SUCCESSIVE APPROXIIATIONS

ALPIIA CAIT'A e 0
10.0L000000 32.C060006C f.95C03993¢€ 0.50225416
9.895ﬁ8331 33,21765137 0.95024713 §.57824372 ;
9.36445332 32.5C526104 $.959€1471 $.57790862
9.86572552 32,60165805 £.05897355 0.57799046

CUTPUT NATA

ALPEA = 9.8GHNU5332  OAMMA = 32,5052C1ck MU o= f1,959(1471

| CUMULATIVE
HUNPFD AIRCRAFT HOUPE  APCINrHT
OF APPIDFITS X 10#%(-1) PATE
\ 16 g.2721 32,2095 |
21 0.6307 zu.scsu R
30 1.099¢ S 5403 o
b 1,665 1c....1r ;
5 2,3301 14,0542 ;
G 3,695, 12.C215 ;
70 3,923 11.C737 ‘
8¢ h,8ye2 11,£5¢3
of 5.7325 14,6501
10§ 6.GS56 16,3010 .
110 7.6586 16, 2646
12¢ £.6451 11,0583
15§ 5.Chi7 1£.£118
14 14,6425 9,961k
156 11,6483 9,0282
164 12,C5C9 9,9(6k
176 13,6072 9,8921
159 14,0756 9,8526
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FIGURE 16
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CASF 4 | 'WRE'P

RODUCIRy
tRPUT DATA PONIFIED CUPULATIVE FHPUT DATA
rurnep AIRPRATT penrep MMPERAFT 110URS ACCIRFNT
OF ACCIDFI'TS nopne DF ACCIRTETE a 10%{=y) RATF
N p. Gh. 2. g.£531 37.66438
g. 3. 3. f.1212 14,6843
g, 130, b, U.3039 5. 0735
2, 334, 5. r.c161 3.2€31
1., 651, G, 1.7673 6,6138
1. 1827, 7. f§.9390 5.7937
£. 973, 9. 1.,19064 7.9681
i, 719, 14. 1,5199 3.01395
1. 130, 11, 1.842¢ 3.1040
1, 1512, 13, 2.L667 8.9008
1. 172G, 14, 2,343% 3.6127
2. 2510, 106, 2,682¢ 5.90C80
1. 329¢. 17. 3.1017 2,3827
1, 3221, 19, 3.5007 $.£125
2, 2257, 22, 3.951¢6 6.C534
1, 2768, 24, h,5028 3.6284
2. 3305, 29, L.h19C 5.453¢
1, 5107, 3y, 6,2872 £.763p0
2, Ja¢f, 37. 7.3157 2,91¢69
3. 4549, 0. ,50E56 g.2fp1
2, £512. L2, 9,6971 5.5351
5. 2168, L5, 10,9242 2.,4448
S, &C76, 51, 12,433¢ 3,9767
3. 1coas, 53. 13,1199 2,.9116
1. 12499, 55, 13.:99] 5.2743
i, 11318, 60 . Ih,2C74 7.0592
3. 12271,
6, 15488,
2, 6869,
2, 3792,
5. 74283,
g, 5482,

[HPUT INITIAL AID FIMAL RATES AND THTERMEDIATF RATE AND CUNULATIVE
ACCIDENTS USING FORMAT 4r5,1

H.C077 ENTER DATA.

3.0 3.0 nw.p 30,1
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'§UCPESSlVF APPROXTIATIONS

‘
4
—

ALPIA GAMHA MU Q
3.00006000 5.0040600¢ f.94776571 35.32456112
| 2.73181629 S.(54065126 0.94653177 1,01308098
| 2.71273613 4,783356G7 0.95164692 1.53015137
3,5156002¢ 5.0426530¢8 0.92134029 3.36095905
OUTPUT DATA
ALPI'A = 2,71273613 GAMHA =  §,783356G67 U = (1,95164C92
CUMULATIVF
NUMPFR AIRPRAFT HOURS ACCIDFNT

OF ACCIDENTS X 10%%(=4) RATE

10 1.5306 5,7748

2 3,5124 4,5781

30 5,9293 3,8491

hp 8.72016 3.4050

50 11,8037 3.1345

60 15.01971 2,9697

7 13,5333 2,8693
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SUMMARY

This report has presented a method of predicting aircraft accidents
using the pure birth process and relating accident rates directly to

the total number of past accidents.

Other methods used to predict aircraft attrition were also included
in order to demonstrate weaknesses and strengths in these various methods
and in the pure birth method. Then depending on particular characteristics

of a case, the most accurate prediction method can be employed.
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APPENDIX. PARTIAL DERIVATIVES OF Q

Q= (a, v, 1)

m ool m
s I { L '—‘-tk}2=;§2 F-kz
k=l §=0 %4 k=1

where Rj =0 + yuj, Eg = I T~ tg.
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All of the summations indicated above run from j=0 to j=ng~l. The sum~

mations below run from k=1 to k=m.

99 « 9EK
. 50 © B 3w
W k 3
3Q 3EKk
-2 =¥ ——
E B oy

3a2 = HOE ) + B ]

32 3EK ., 32Ex
a—y-?-= Z{( ) +Ek5:;r ]

3y
32Q 3Bk ., 32Ek
—=£ —— +E ——e —
a2 [« ™ ) k33 ]

2
3ady oyl (55 203 ) + Bk 3gsy )
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é
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2 2 2E
279 ¥ ;:[(3:“)(—---—”“)+Eka k

dady duda 3— au dady ]
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9ydu  oudy Y 3y dyap
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